Abstract----To explain the large values of the quadrupole splittings and line widths in the MSssbauer spectrum of oxybiotite, a formalized analysis of the distribution of effective charges in the anion network was conducted using an idealized model of the biotite octahedral layer. Based on this analysis, a qualitative physical model has been proposed, according to which the MSssbauer spectrum consists of a superposition of six quadrupole doublets. The proposed model explains the appearance of residual magnetization well below the biotite decomposition temperature. Annealing the biotite at 1070~ leads to the formation of nuclei of the magnetic phase in chains consisting of R 3+ and vacancies. This phase is the decomposition product of biotite at 1370~ i.e., a ferrispinel having Fe2 xMgAlxO4 (x : 0.5-0.6) composition.
INTRODUCTION
Investigations of hydroxyl-bearing silicates and their dehydroxylated derivatives show some general features in their Mfssbauer spectra. Typical features of all oxysilicates, i.e., compounds resulting from the transformation of silicates which originally contained hydroxyl groups and iron in its bivalent state, are large values of the quadrupole splitting a (about 0.9-1.3 mm/ sec) and line width (F = 0.7 mm/sec) for Fe z+ ions, e.g., oxychlorite (Belov et al., 1974) , oxybiotite (Ivanitskiy et al., 1975) , and oxyamphiboles (Ernst and Wai, 1970) . In contrast, silicates such as montmorillonite, illite, and glauconite, in whose structures the Fe 3 § ion is coordinated by oxygen ions and hydroxyl groups, have visible As in the range 0.3-0.5 mm/sec (Taylor et al., 1968; Weaver et al., 1967; Plachinda et al., 1974) .
The correlations between dehydrogenation and the A and F values have not yet been analyzed thoroughly. In the literature available there is only the general conclusion that an increase in degree of distortion of an iron-containing octahedron occurs on dehydrogenation (Belov et al., 1974; Ivanitskiy et al., 1975; Ernst and Wai, 1970; Taylor et al., 1968; Weaver et al., 1967; Plachinda et al., 1974) .
To explain the large values of quadrupole splittings and line widths in the oxybiotite Mfssbauer spectrum, a formalized analysis of the distribution of effective charges in the anion network is considered in the present paper, using the idealized model of the biotite octahedral layer. The investigation of structural peculiarities of biotite during oxidation is of significance by itself, but at the same time it is important for understanding the mechanism of the high-temperature (1370~ decomposition processes. Also, if a reasonable solution to the biotite problem can be formulated, the same methods could be applied to other hydroxylbearing silicates.
EXPERIMENTAL
A sample of biotite from a pegmatite of the Baryshevski granites (Ukrainian Shield) was used in the experiments. The chemical analysis is presented in Table 1.1 The measurements were carried out using a MSssbauer spectrometer with a constant acceleration electromechanical drive and a NTA-512M multichannel analyzer. Co 5r in a Cr matrix was used as a source. The halfwidth of the absorption line in sodium nitroprusside (thickness = I0 mg Fe/cm 2) was 0.29 mm/sec.
Natural polycrystalline biotite and its transformation products, obtained after annealing the original mateThe sample and its chemical analysis data were kindly supplied by A. V. Sukhorada. The water content was determined by V. L. Kofman using infrared spectroscopic methods.
Copyright ~) 1980, The Clay Minerals Society rials at different temperatures (from 370~ to 1370~ for various times were investigated. Biotite and its high temperature products were also analyzed by thermomagnetic and X-ray powder diffraction (XRD) methods. A crystallochemical formula of the biotite sample was calculated from the chemical analysis on the basis of 12 (O, OH). In addition the Fe3+/Fe 2+ ratio was considered to be equal to 0.19 +_ 0.02 (Voitkovskiy et al., 1975) , as obtained from the spectrum of a biotite single crystal; the dependence of hydroxyl content on the uncompensated charge in octa-and tetralayers was also taken into account (Warren, 1972 
RESULTS

Natural biotite and oxybiotite
The Mbssbauer spectrum (Figure la ) of the polycrystalline biotite studied in the present work can be interpreted as a superposition of the two quadrupole doublets from Fe z+ ions and one doublet from Fe z+ ions (Voitkovskiy et al., 1975; Bagin et al., 1976) . The doublet with A = 2.62 mm/sec is attributed to Fe~ 2+ ions, which are situated in the more distorted cis-octahedra, and the doublet with A = 2.24 mm/sec to Fetr ~+ ions in the less distorted trans-octahedra (Pol'shin et al., 1972 ) (see Table 2 ). Taking into consideration the difficulties in the determination of parameters for the part of the spectrum corresponding to the Fe 3 § ions, as evidenced by the spread of the data available in the literature (see Table 3 ), the temperature dependence of the polycrystalline spectrum was investigated in the 80~176 temperature range. A sample was placed in a tightly closed container (limited access of air), and the spectra were obtained after maintaining the sample for 2 hr at each particular temperature. As shown in Figure lb , c, and d, with increasing temperature there is an increase in the intensity of the peak, which is the right-side component of the doublet from Fe 3+ ions. This indicates an oxidation of the biotite.
Simultaneously, an increase in the resolution of the left-side component of the total biotite spectrum can be observed at temperatures above 400~ This enables the doublet from Fe 3+ ions to be identified and characterized with the following parameters: ~ = 0.29 -0.02 mm/sec z and A = 1.23 ---0.03 mm/sec. This interpretation is justified by the fact that the value of the quadrupole splitting of the part of the spectrum assigned to Fe 3+ cations remained practically constant with increasing temperature. As should be expected, at the same time a strong temperature dependence of A for Fe z+ ions was observed. This analysis of hightemperature spectra allows one to reach the conclusion that the left-side component of the doublet from Fe 3+ ions in the spectrum of the original polycrystal should be found in the negative velocity region. Analysis of the spectra also showed that the sign of the asymmetry parameter for the Fe 3+ components is opposite to that from the Fe z+ doublets. Parameters for the Fe 3+ ions in this biotite sample are given in Table 2 . The values of these parameters were used later for establishing the degree of oxidation of samples annealed at different temperatures.
A completely oxidized biotite was obtained by heating the polycrystal in air at 870~ for 5 hr. Its Mbssbauer spectrum consists of a doublet with significantly broadened lines (F1/2 -0.7 mm/sec) from Fe 3 § ions and the opposite asymmetry of components compared to the spectra of the original samples (Figure 2) . a = 1.34 +_ 0.03 mm/sec, and 6 = 0.55 ---0.02 mm/sec. The formation of only one phase, i.e., the oxidized biotite, as a result of heating in air at 870~ was confirmed by 2 To obtain the value 6 with respect to a-Fe, a value of -0.154 mm/sec should be added to the reported values, both in the text and in the tables. 1 A = quadrupole splitting; 6 = isomer shift; F = width of line at half height; the error in determining 6 and F is -+0.02 mm/sec, A is -+0.03 mm/sec. 6 here and elsewhere was determined with respect to Co 57 (Cr). As a result, lhere is a change in the environment of the iron ion, i.e., the anion composition becomes homogeneous, and a redistribution of effective charges in the immediate neighborhood of the Fe W § ion takes place. Also, the isomer shift for the Fe 3+ ions increases with an increase in the degree of oxidation of a sample (Figure 3) . This reflects the increase in ionic character of the cation-anion bond as the destruction of hydroxyl groups takes place during oxidation. Before analyzing the characteristics of the effective charge distribution within the limits of the nearest neighbors of Fe 3 § in the biotite octahedral sheet, it is necessary to note the following: (1) the interpretation of the oxybiotite M/Sssbauer spectrum as a superposition of the two doublets corresponding to Fe 3+ ions in cis-and trans-octahedra is inadequate because the doublet components are significantly broadened (0.46 mm/sec compared with 0.29 mm/sec for the sodium nitroprusside standard), and (2) the Fecifl+/Fetr ratio of the original biotite.
Analysis of the formal effective charge distribution in the anion network of the biotite octahedral sheet
For simplicity, the ideal biotite composition, i.e., K(Si3A1)(R3_y 2+ R(2/3)y3+/qy/~)O10(OH)2 , where y/> 0, was used for the analysis, and the octahedral sheet of biotite was considered to be composed of regular actahedra. Thus, this layer schematically could be treated as overlap of two networks, i.e., an anion network formed by regular hexagons and a cation network composed of regular triangles, with every point in the anion network located above or below the center of a triangle. Based on Pauling's electrostatic valency rule, a definite charge can be assigned to every position in the anion network) The oxygen anion charge, which remains 3 Here a formal effective charge refers to a part of the anion charge, which corresponds to each one of the surrounding cations. uncompensated from O-Si linkage in the tetrahedrons, is equal to -1, and is distributed among the three cations situated in vertices of the triangle. Thus, a charge formally related to the oxygen ions in the network is equal to -1/3. The hydroxyl group shares its valency of -1 with three cations only, i.e., a charge related to the hydroxyl group in the network is also equal to -8 9 If one of the points in the cation network is represented by a vacancy, the charge of the nearest anions becomes equal -1/2. When a "dry" oxidation of biotite takes place, the increase in the Fe 3+ ion content is accompanied by the loss of hydroxyl groups. It follows from the kinetics of the newly-formed Fe 3+ ions that they are surrounded by oxygen ions only. Consequently, a point which previously had a charge of -8 9 should now be assigned a charge of -~. In the presence of OH groups and in the absence of vacancies, the arrangement of effective charges surrounding the cation is isotropic, but in the presence of vacancies and/or hydroxyl deftTo determine for the original biotite all the possible configurations in the octahedral charge distribution and their relative concentrations, a model of a biotite octahedral sheet (Figure 4 ) has been constructed using the above crystallochemical formula and the methods described by Krzanowski and Newman (1972) . This method is based on Pauling's electrostatic valency rule, application of which to the structure of trioctahedral mica allows formulation of criteria, according to which the total valency of V cations in vertices of the triangle should satisfy the following relationship: 5 ~< V ~< 7. Such a construction first of all excludes electrostatically prohibited combinations such as R3+R3+R 3+, R3+R3+R2+, or Rl31-q and, secondly, it leads to combining Fe 3+ and [] into chains having a certain configuration with ordering of Fe 3+ and in cis-and trans-octahedra, respectively. (R 3+ = A1, Ti, Fe3+; R 2+ = Mg, Mn, FEZ+; [] = vacancy.)
In constructing the octahedral sheet model of the inciency, the cation surroundings become anisotropic, vestigated biotite, the diodochy of R 3+ or R 2+ cations Yakovlev et al., 1973 Haggstrom et al., 1969 Ivanitskiy et al., 1975 Manapov and-Sitdikov, 1974 Annersten, 1974 was not considered. Consequently, in order to determine the relative proportion of Fe ~+ ions in a given configuration, the crystallochemical formula and the Fecis~+/Fetr z+ ratio (= 1.68 _+ 0.02) of original biotite (Voitkovskiy et al., 1975) were used. The results of analysis for all the possible configurations of charge distribution in octahedra, which coordinate the Fe *+ 2 q0 is a constant that takes into account the value of the effective charge in the lattice and the real distortion of octahedra. The determination of q0 in analytical form is a special problem which is why the values of AEQ obtained in this work cannot be used for the calculation of absolute values of the field gradient. cation in the original biotite, are given in the upper part of Table 4 . In oxidized biotite (lower part of Table 4 ), the total number of such configurations is the sum of previously existing Fe 3+ ions and vacancies in chains, as well as from those newly formed as a result of dehydroxylation.
After revealing all possible configurations of the effective charge distribution, which coordinate the Fe 3+ ions both in biotite and in oxybiotite, one can utilize the additivity of the electric field gradient (EFG) and calculate A in a point-charge approximation (Clark, 1971; Galkin et al., 1973) for each configuration: h = 89 + "0"/3) '/2, q = Vzz, "0 = (Vyy -Vxx)/Vzz, where "0 = asymmetry parameter of the EFG tensor, and Vxx, Vyy, Vzz = principal components of the EFG tensor.
On calculating EFG, the octahedra were assumed to be regular with a cation-anion distance being equal to L. It is clear from Table 4 that inhomogeneous electric fields, when acting upona Fe 3+ nucleus in the biotite octahedral sheet, give rise to six values of the quadrupole splitting the magnitudes of which are in the ratio 1/6:1/2V~:1/3:'/3:1/2:2/3. The line intensities of the corresponding doublet are proportional to relative weights 0.10, 0.02, 0.50, 0.01, 0.05, and 0.29, respectively. In the biotite structure, the total electric field gradient on a Fe 3+ nucleus is made up of a contribution from the anisotropic charge distribution plus the geometrical distortion of the coordination octahedron. A peculiarity of the doublet having a weight of 0.29 lies in its correspondence to Fe 3+ ions in the former biotite trans-octahedra, whereas all the other doublets correspond to Fe 3 § ions in configurations which were formed from cisoctahedra. Since the cis-and trans-octahedra in biotite differ somewhat in size and have different degrees of distortion (Drits, 1971) , one can assume that in oxybiotite these purely geometrical differences are conserved. Thus, analyzing the dataofthe oxybiotite spectrum (EVM), the magnitudes of the doublets whose line intensities are proportional to 0.01, 0.02, 0.50, 0.01, and 0.05 can be put in the ratio 1/6,1/2X/3 , 1/2, 1/3, and 1/2, but the A value with line intensities proportional to 0.29 should not be limited so strictly.
The result of analyzing the oxybiotite MSssbauer 
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Dependence of residual saturation magnetization on temperature for a biotite sample heated in air at T = 1070~ Figure 5 . The result of resolution into Lorentzian curves of the experimental Mrssbauer spectrum of oxybiotite within the framework of the model described in the text. Doublets A1, A~, A3, A4, and A5 correspond to Fe 3+ ions in cis-octahedra. The corresponding A values (in the ratio 1/6:1/2V~: V3:1/2:2/3) are equal to 0.60, 1.05, 1.24, 1.88, and 2.48 mm/sec, respectively. Doublet B corresponds to Fe 3+ ions in trans-octahedra and its A value, varied independently, is equal to 1.78 mm/sec. spectrum according to this model using a "MIR-I" electronic computer is represented in Figure 5 . The sample was positioned such that the angle between the direction of T-quanta propagation and a line normal to the sample surface was 55 ~ in order to eliminate texture effects (Pfannes and Gonser, 1973) . The best value of X 2 is obtained at F1/2 = 0.39 mm/sec and when A from Fetr 3+ ions is equal to 1.78 mm/sec. As shown in Figure  5 , there is a good agreement between the experimental spectrum and a theoretical curve which covers the six quadrupole doublets. Thus, the analysis of the biotite octahedral sheet structure with respect to the formal effective charges in the anion network enables one not only to explain a large value of quadrupole splitting in 'the oxybiotite spectrum, but also to construct a model which gives a quite satisfactory interpretation of the large line width. In addition, as shown in Table 4 , even in a single crystal of biotite the majority of charge configurations in the close vicinity of Fe 3+ ions is anisotropic; in a polycrystal their number increases because of a partial oxidation (Voitkovskiy et al., 1975; Bagin et al., 1976) . As a result, the A value for Fe 3+ even in an unaltered polycrystal is large (1.23 mm/sec). This means that the octahedral layer of biotite contains some oxybiotite nuclei. Taking into consideration a smooth dependence of ~ for Fe 3+ ions on their relative content in biotite, it can be concluded that transformation of for 30 min.
biotite into oxybiotite (in a polycrystal) is a gradual one. (According to our preliminary results, the process of oxidation in thin (30-50/~m) single crystal plates of biotite occurs in steps.)
High-temperature decomposition of biotite
The data on the high-temperature decomposition of biotite can serve as further evidence for the model proposed, which is based on the analysis of structural characteristics of the biotite octahedral sheet.
According to Tsvetkov and Val'yashikhina (1956) , an endothermic peak occurs in the 1270-1470~ temperature range in differential thermal analysis curves for a large collection ofbiotites. The present results prove, however, that a magnetic phase develops after a short period of heating (30 min) at 1070~ This is evidenced by the appearance of the residual magnetization, which is absent in the original, unheated biotite. The temperature curve of the residual magnetization saturation, Its, for the newly formed phase is shown in Figure 6 . Characteristically, both Mrssbauer spectroscopy and XRD indicate (as in the case of a sample heated to 870~ an oxidized biotite phase only. These results become clear in considering the fact that the mechanisms of the dehydroxylation in RRR and RRE] coordination are basically different (Vedder and Wilkins, 1969) . In the first case, loss of a hydroxyl group occurs in accordance with the electron-proton exchange, which does not require destruction of the mica structure. In the second case (on considering the ordering of vacancies in transoctahedrons), condensation of hydroxyls can occur through the vacancy with consequent removal of H20, which implies some destruction of the structure. Dehydroxylation near vacancies takes p!ace at higher temperatures than those required for the electron-proton transformation (Vedder and Wilkins, 1969) . Both temperatures, however, are sufficiently below those causing biotite decomposition. In the biotite sample investigated, dehydroxylation near vacancies apparently takes place at about 1070~ It leads to the formation of mono-and polydomain clusters of a new phase, which possesses some residual magnetization, in long chains consisting of R 3+ cations and vacancies, Because these dioctahedral fragments are small compared to the trioctahedral matrix of the mica, they are below the sensitivity limit for MSssbauer spectroscopy, The insensitivity of XRD to the new phase is due to its being "fixed" in a much larger (compared to the new phase) octahedral sheet of biotite, which had not experienced substantial changes during the oxidation process.
After annealing the original samples of biotite at 1390~ the new magnetic phase is clearly observed by both MSssbauer spectroscopy and XRD, as well as by thermomagnetic analysis. The thermomagnetic analysis curve of Its for the phase which was formed after such a heat treatment (Figure 7) is very close to the Its vs. temperature curve in Figure 6 . A sudden drop of lrs at 370-390~ is characteristic for both curves, and there is more than a 90% decrease in !rs. The shapes of the thermomagnetic analysis curves tend to be concave. Repeated thermomagnetic analysis on Its produces a curve which is practically identical to the original one. This indicates stability of the newly formed magnetic phase within the 293-470~ temperature range during the hour-long experiment. An Figure 8 . Biotite MSssbauer spectra at 293~ after heattreatment in air at T = 1390~ (a) for 10 rain (in the middle of spectrum one can clearly observe the peaks corresponding to the preserved biotite); (b) for 2 hr; (c) for 21 hr.
increase in heating time of the original biotite at 1390~ does not change the shape of the Its thermomagnetic curves (Figure 7) .
The temperature dependence of the saturation magnetization, Its, in a field of 2100 oe practically reproduces the thermomagnetic curve on Its. Thus, a temperature of 370-395~ corresponds to an abrupt break in the curves which can be identified as the Curie temperature of the magnetic phase, formed during biotite decomposition.
Formation of the new phase can be clearly observed on examining the MSssbauer spectra. After only l0 min of heating the original biotite at 1390~ one can observe a small depression in the background in addition to the doublet of unaltered biotite (Figure 8a ). The former is characteristic of the relaxation spectra of magnetic compounds near the Curie point or for the finely dispersed superparamagnetic particles close to mono-domain sizes. At 77~ in addition to the biotite doublet, one can clearly observe the hyperfine magnetic splitting with an effective field Hen equal to 472 Koe (Figure 8a ). Heating for 2 hr at 1390~ leads to the disappearance of biotite lines and appearance of a paramagnetic doublet having 8 = 0.43 mm/sec and ~ = 0.69 mm/sec (Figure 8b ) on the background of the unresolved hyperfine structure. The doublet disappears when the temperature is decreased to 77~ and a sixcomponent spectrum having good resolution appears (Figure 8b ). After 21 hr of heating biotite in air, a spectrum with a well-resolved magnetic structure and Hef t = 483 Koe can be observed even at room temperature (Figure 8c ). This indicates that a process of particle enlargement takes place. The major part of the magnetic phase of the sample is now represented by polydomain particles, whereas the central doublet corresponds to the superparamagnetic particles.
The results of XRD investigations of biotite samples annealed at 1370~ are in agreement with those obtained from the M/Sssbauer measurements, After only 10 min of heating, one can observe a set of diffraction maxima which may be indexed according to the fcc lattice of spinel, in addition to a diffraction pattern due to biotite. An increase in heating time results in a gradual disappearance of the diffraction' pattern of biotite and the appearance, in conjunction with the reflections from the same spinel phase, of leucite reflections. The lattice constant a of the spinel is 8.26 ~.
On analyzing the results of the present investigation on the formation of the magnetic phase during hightemperature decomposition of biotite and the results of other investigators (Sharma et al., 1973; Blyasse, 1968) , one can determine the composition of this spinel: Fe2_xMgAlxO4 (x = 0.5-0.6). This was discussed in detail by Bagin et al. (1976) .
The present work, therefore, enables one to follow a process of the formation of magnetic ferrispinel during the high-temperature biotite decomposition, stage by stage. Its formation begins at 1070~ in dioctahedral fragments of the biotite octahedral sheet, as evidenced by the appearance of the residual magnetization in the samples annealed at this temperature. The newly formed particles of this phase have a domain structure, but their quantity is small. At 1390~ the number of particles increases dramatically with their size distribution depending on the duration of the heat treatment. In addition to the presence of the polydomain particles, a considerable quantity of finely dispersed particles of a superparamagnetic size or having a size close to that of monodomain particles is present.
CONCLUSIONS
The analysis of structural characteristics of a mica, intermediate between di-and trioctahedral varieties, that was carried out on a theoretically synthesized biotite octahedral layer, proved to be valuable in interpreting the results of investigations of the process of high-temperature biotite transformations. Based on this analysis, a physical model has been proposed, which enables satisfactory interpretation of the large line widths and quadrupole splitting in the Mrssbauer spectrum of oxybiotite. The approach described here can be used to explain the appearance of the residual magnetization long before the biotite decomposition temperature is reached. Annealing biotite at 1070~ leads to the formation of magnetic ,phase nuclei in chains consisting of Fe z+ ions and vacancies. This phase, which is a product of biotite decomposition at 1370~ is a ferrispinel having the following composition: Fe.,_xMgAlxO4, where (x = 0.5-0.6).
